A Langmuir-Hinshelwood growth-rate equation is presented for the germanium-silicon (GeSi) alloy deposition from GeH~ and SiH~ assuming dissociative chemisorption on a heterogeneous GeSi surface. Model parameters for the deposition kinetics have been extracted from measurements. The fit for the bond-energy of hydrogen to a germanium surface site is 1 30 kJ mol-, lower compared to that of hydrogen to a silicon site. We found to a good approximation the GeSi composition of the alloy to be independent of the temperature. Moreover, the GeSi is polycrystalline down to the lowest deposition temperature we used, ie., 450~
50 posed using LPCVD poly-GeSi layers for the realization of integrated photoconductors for optical coupling to BiCMOS integrated circuits (ICs) in a compatible fashion. 40 Polycrystalline GeSi material can be deposited using any of the CVD techniques (UHV, LP, AP, RT) in use for strained-layer GeSi growth, having an accurate control of ~ 30 the gas composition during the thermal decomposition of a mixture of Sill4 and GeH4. ~~ Also chloro-silanes v (Si=HyClz) and chloro-germanes (Ge=HyCI~) have been ap-~ 20 plied successfully. 4'~a2 '13 This paper focuses on the kinetic aspects of the polycrystalline GeSi deposition using Sill4 and GeH4 as source 10 gases. For this deposition a Langmuir-Hinshelwood type of growth-rate model was developed.
Experimental o
The depositions were carried out on oxidized 3 in. wafers 0 in a three-zone hot-wall horizontal tube reactor with 12 cm inner diameter. The length of the heating element was 90 cm with a flat temperature center zone of 30 cm. The wafer distance was kept at 1 cm, except for a few runs made J. Electrochem. Soc., Vol. 140, No. 6, June 1993 9 The Electrochemical Society, Inc.
in order to study the role of diffusion effects from the annulus into the interwafer region. The possible effects of interwafer diffusion or gas-phase reactions are not considered in this paper, because it has been established that growth rates are independent of wafer distance which was taken as a strong indication that diffusion or gas-phase reactions do not play an important role.
For every deposition.run the reactor was loaded with 30 wafers at 1 cm distance; for growth rate measurements three test wafers were selected, located at a distance of 15, 22 , and 37 cm downstream of the onset of the first heating zone. This means that two wafers were positioned in the entrance zone and the third in the flat temperature zone. This specific positioning is because of the high reactivity of GeH4 of which a great part is depleted in the entrance region as will be discussed later.
The temperature at the test positions was calibrated by using solid-phase epitaxy (SPE) of an amorphized layer, created by implantation of Si in a monocrystalline St, as a temperature monitor 1~ and by in situ thermocouple measurements. The temperature reproducibility was found to be _+3~ for the flat temperature zone and _+6~ for the entrance region.
Prior to GeSi deposition about 10 nm of silicon were deposited because the nucleation of GeSi on oxide was found to be poor. All poly-GeSi layers were deposited with a Sill4 partial pressure of 10 Pa, and a total pressure of 100 Pa, N2 was used as a carrier gas. Temperature, total flow, and GeH~ partial pressure were varied. SiH~ flows were varied in the range of 40-100 sccm, the GeH~ flow varied in the range of 2-30 sccm.
The thickness of the layers was derived from weighing for a global indication and from the height of an etched step for local thicknesses. The conversion of weight increase, Aw, to thickness, th, is given by th = (hw)/(A~p) [1] Aw is the total area of one wafer, and p is the density of the layer materal. The density, p, can be calculated from the composition by p = {(XM~ + (100 -X)Msi}/{XM~e/pGe + (100 -X)Ms~/Psi} [2] with X the germanium content in atom percent (a/o), M the molecular weight, subscripts Ge and Si are for germanium and silicon, respectively, The composition of the layer was determined by uncalibrated EDX which was compared with RBS analysis and with calibrated EDX. The calibrated EDX used Si and Ge standards and the @(pZ) matrix correction method. ~ The results are presented in Fig. 1 . Uncalibrated EDX was further used as standard measurement and converted by means of the RBS calibration, because the RBS calibration is a more direct method for determining the composition than the ~b(pZ) correction of EDX signals.
The deposition rate of Si (rs~) and Ge (rG~) in the alloy is given by
with t being the total deposition time.
The crystallinity and texture of the deposited GeSi was determined by x-ray-diffraction (XRD).
Model
Polycrystatline Si deposition using SiH~ as a source gas is dominated by a Langmuir-Hinshelwood heterogeneous decomposition at low partial pressures of SiH~ (Ps~ < 30 Pa) and becomes dominated by the homogeneous unimolecular gas-phase reaction at higher SiH~ pressures and/or total pressures. ~ The poly-GeSi depositions in this paper were performed in the heterogeneous regime.
If we apply the surface decomposition sequence of SiH~ as proposed by Gates et at. ~ also to the decomposition of GeH~ and mixtures of GeH~ and SiH~ we may consider the following reaction equations
In the above set of equations A denotes either Si or Ge, denotes a free site, (~r)2 denotes a dual site, i.e., two free surface sites at neighboring positions. These sites may be Si and/or Ge. The ~r-superscript indicates that the species involved is bonded to a surface site. There is no basic difference between (A)H ~ and H* except that in (A)H* the H* is bonded to A which originates from the source gas. site or to what type of site the H* is bonded. It is assumed that a difference may exist between kl for GeH4 (kl.GeH4) and ks for Sill4 (k~.s~), it is also assumed that the adsorption rate constant k~,~ depends on the layer composition.
The enhanced growth rate in the presence of Ge compared to pure silicon deposition has been attributed by Meyerson et al. 28 to the catalytic action of Ge in the desorption of H2. This has been confirmed by Crowel et aI. 29 by means of temperature programmed desorption (TPD) of H2 from a silicon surface covered with a submonolayer of germanium. The desorption of H2 from the GeSi surface is illustrated in Fig. 2 . The distribution of H* over the Si and Ge sites is assumed to be in equilibrium. When the pre-exponential factors of the desorption-rate constants of H2 from Si and Ge sites are equal then the distribution of H* over Ge and Si sites is given by eH~/o~, = (e,JO,s,) exp -AE/RT [5] where hE is the difference in bond energy of Hsi and HGe, OH* is the surface fraction covered with H* and e, the fraction of free sites. The deposition rates rs~ and rGe of Si and Ge, respectively, are according to R-la given by rsi = kl.s,H4 [SiH4]0~ [6] rG~ = ki.aeH4 [GeH4102, [7] In order to calculate the fraction of free surface sites from the set of reaction equations, R-1 to R-3, we have to make some assumptions concerning the order of R-2. First order in H* has been reported for the desorption of H2 from silicon, although for (lll)Si also second order has been published. 2~ A second order has been reported for desorption from Ge (111). 22 If we assume that the order of the desorption reaction depends on the mobility which, in turn, also depends on the coverage, it is reasonable to assume a second-order mechanism for GeSi surfaces because of the lower average bond energy of H* so that the GeSi surface will be less occupied by H* under the same conditions compared with pure Si. Assuming now steady-state conditions for the reaction sequence R-1 to R-2 and equilibrium for R-3 it can be derived (see Appendix) that
In Eq. 8 k2 is the desorption rate constant of H~ from Si sites. Equations 6, 7, together with 8 form the LangmuirHinshelwood growth-rate equation. It should be noted that this equation was derived from first principles. Therefore it differs basically from the intuitively weighed desorptionrate constant proposed by Garone et al. , 3 Also, since hydrogen desorption is the rate-limiting step at lower temperatures, we have not started from an equilibrium between adsorbed and gaseous hydrogen, as has been assumed by Robbins et al. 23 
Results and Discussion
The growth rate has been measured for various gas compositions, flow rates, and temperatures. A typical set of measurements is presented in Fig. 3a and b where the growth rate of Ge and Si in the alloy and the composition is plotted for the three test positions as was described under the Experimental section. Position 3 is in the flat temperature zone, positions 1 and 2 are in the entrance zone. Figure 3a and b gives rise to a number of conclusions: 1. The growth rate of both Si and Ge in the alloy decreases with increasing position number. This is due to depletion of the Sill4 and GeH4.
2. The relative Ge content in the GeSi alloy is larger than in the gas phase. This observation is, in particular, obvious for position 1 where the depletion is still low. This means that the reactivity of GeH4 is larger than Sill4 and causes a stronger depletion of GeH4 compared with Sill4 at increasing position number.
Because of the stronger reactivity of GeH4 two of the test positions were chosen in the entrance region. By means of the variation of the flow of reactive gases, the undepleted growth rate and composition could be found from experiments like the ones presented in Fig. 3a and b , by extrapolation to high Peclet values, 16' 24 i.e., to infinitely high flow, provided that the depletion is not too strong which is generally true for position 1 and 2 and for position 3 at low temperatures.
The composition of the GeSi alloy as a function of gas composition for the condition of undepleted growth is presented in Fig. 4 . It may be concluded that the composition of the alloy is, within experimental error, independent of the temperature. This is in agreement with results by Kuiper et al. 2~ and by Robbins et al. 23 who have experimented in a different temperature and pressure range and have deposited strained or relaxed epitaxial layers on St. This is, however, in contradiction with the results presented by King et al. i~ for a hot-wall-LPCVD system and by Kamins et al. 5 for an APCVD system. The difference may well be explained by the depletion effects discussed for the LPCVD case at Fig. 3 or by diffusion control of GeH4 as suggested by Kamins et al. 5 in the case of an APCVD system. It should be borne in mind, however, that in the APCVD case, where H2 was used as a carrier gas, that thermodiffusion effects play an important role and may cause the gas phase to be progressively more depleted closer to the surface of GeH4 than of Sill4 with increasing temperature. Table I .
In Fig. 4 we may also observe a higher content of Ge in the alloy compared to that in the gas mixture. This may be explained by the higher reactive sticking coefficient, ~, of GeH4 compared with that of Sill4. Since the ratio of the constants is independent of the temperature the higher reactive sticking coefficient of GeH4 has to be attributed to its higher pre-exponential factor rather than a lower barrier to chemisorption. The composition of the GeSi layer can be calculated from Eq. 7 with kL~ 4 = 1/4 (~(AH~,e,:~) ~J(8RT/ITMAH4) [9] where 1/4 ~](8RT/~MAH4) is the surface collision frequency per unit of concentration, ~AH~.0*=~ is the reactive sticking coefficient for an empty surface, i.e., for 0, = 1, and M~4 the mass of AH4, we derive for the Ge fraction in the alloy
where MF is the mass flow. A good fit is obtained between our results presented in Fig. 4 The undepleted growth rates of Ge~ Si~_~ for various temperatures and for X = 0 and X = 1 are presented in Fig. 5a and for X = 0.48 and X = 0.3 in Fig. 5b . Included are results of 0ztiirk et al. 28 The rate parameters in Eq. 6-8 have been fitted to the measurements. Since the measurements by Oztfirk et al.ZS were performed over a wide temperature range for pure Ge deposition we used their measurements to fit hE (see Fig. 2 and Eq. 6-8). The fit of our model to these points gives hE = 30 kJ mol -~.
For the reactive sticking coefficient of Sill4 we used at 625~ hE-3. This value was obtained from an earlier set of measurements. ~ For the barrier to chemisorption of Sill4 we have used a value of 15 kJ tool -~ which is an average of values obtained from the literature. ~'~42 For GeH~ the adsorption rate constant is 3.1 times larger than that of Sill4 with the same barrier to chemisorption as was discussed above. The fitted growth rate parameters as well as the ones adopted from the literature are summarized in Table I . The values for k2 and ~/si~4, listed in Table I , were derived as follows. For the activation energies, the average of the references cited were taken. The pre-exponential factors are the best fits to our own data. The fits for the relative adsorption rate constants of Sill4 and GeH4 for x ranging from 0 to 1 are presented in Fig. 6 . The decrease of the adsorption rate constant has also been observed for epitaxial layers but the agreement is only qualitative. 2~
It is interesting to note that the growth-rate enhancement due to the addition of B2H6 resembles the enhancement due to GeH4, see Fig. 5b . The mechanism behind both enhancements may well be the same, i.e., enhancement of H2 desorption. In fact H2 TPD measurements of a highly boron-doped surface show a shift of the monohydride TPD peak towards lower temperatures indicating a lower activation energy for H2 desorption. 33 When B~H6 is added to the GeH4 + Sill4 mixture no additional enhancement is observed indicating that the B2H~ effect is obscured by that of GeH4.
Using the parameters of Table I and Fig. 6 we have calculated the growth rate of GeSi; the results of these calculations are presented in Fig. 5a and b as solid lines.
Desorption activation.--For the H2 desorption energy from a H*-saturated silicon surface values of around 195 kJ tool -1 were reported, 17'2~ while 145 kJ mol 1 has been reported 22 for the desorption of H~ from a Ge surface. Robbins et al. assume a difference of 40 kJ molt between desorption from a silicon surface and a germanium surface, whereas based upon average bond energies of H in GeH4 and Sill4 a difference of 35 kJ mol -~ could be calculated. From the decrease of the TPD peak of H~ on Ge0.2Si0.8, Meyerson et aI. calculated a decrease of 21 kJ tool -~ in desorption energy.
Our fitted value of hE = 30 kJ mol -~ would correspond to a desorption energy of 195 -2 9 30 = 135 kJ tool -~ if we adopt the value for Si to be 195 kJ tool -~. It should be borne in mind that the accuracy of AE is strongly determined by Ref. 29, 30, 31, 32, 17, 16 . This work, see Fig. 6 . This work, see Fig. 6 . This work. the accuracy of temperature measurement by ()ztfirk et al. ~ It should also be borne in mind that AE may depend on the composition of the surface because the binding energy of H* is not only determined by the site to which it is bonded but also by the type of nearest neighbors. In fact for X = 0.48 a better fit could be obtained for AE = 25 kJ mol ~. More low temperature data for various compositions are required to decide more precisely about these questions 9
J.
The model predicts an increase of total growth rate with increasing Ge content followed by a decrease at still higher Ge contents. It is this effect that causes the growth rate at higher temperatures to be higher for X = 0.3 than for X = 0.48 in Fig. 5b . The model does, however, not predict the maximum at very low Ge contents as was observed by Racanelli et al. and Robbins et al. 2~, 2~ CrystalIinity.--The texture of the GeSi layers was determined by means of x-ray diffraction and showed preferential (111), (311), and (110) orientation. All Ge containing samples were crystalline according to XRD, including the pure Ge layers and even when grown at relatively low temperatures. In the case of pure Si we found the layers to be amorphous when deposited at temperatures below 580~ which is in agreement with the literature. ~4 The crystallinity of the GeSi layers may be attributed to the fact that the surface coverage of H* is low thus allowing maximum mobility for the H*. The same arguments holds for in situ boron-doped polysilicon. We found boron-doped polysilicon layers to be crystalline down to 525~ for a gasmixture with a SiH~ partial pressure of 10 Pa containing 2% of B2H6.
Conclusions
Polycrystalline germanium-silicon alloys can be deposited with Ge contents ranging from 0-100 a/o.
The poor nucleation of GeSi on SiQ can be circumvented by first depositing a 10 nm thick Si layer.
A growth-rate model has been presented, based on a Langmuir-Hinshelwood type of mechanism for a heterogeneous surface. Model parameters have been extracted from rate and composition data.
The ratio of the adsorption rate constant of germane and silane is 3.1 and independent of temperature and composition. Based on this work and Ref. 23, 25 , this is true for the temperature range 500-850~
The reactive sticking coefficients decrease with increasing germanium content.
The difference in bond energy, AE, of H* on Ge sites and H* on Si sites obtained by fitting the rate data to the growth rate equations is 30 kJ tool -~.
The Ge containing layers are XRD crystalline down to the lowest temperature employed in this study, i.e., 450~ Manuscript submitted Dec. 8, 1992 In Eq. A-1 the factor 3 is due to the reaction sequence R-1 where every AH4 produces 3H*. The term between parentheses is the desorption rate of H~. This term is proportional to the sum of the fractions of H* on Ge and Si sites multiplied by "k~' and the chance that theneighbor is also occupied
The term between parenthesis becomes "k~' 0H~o(0H~e + 0H~i ) + "k2' 0H*,(0H*e + 0~s* ,) [A-3] "k2' has been written between quotes because "k2' depends on whether H2 desorbs from Hoe + Hoe, Hsl + Hs~, or HGe + Hs, , see Eq. A-5.
We can now write
where ED is the desorption energy. If we assume that ko is independent of the type of site to which H* is bonded and k2 H~ +H* ), k2 ~*e+H*, and k2 (H*,+H~I , 9 ,( e Ge ,( G St) ,. S S)
are the desorptmn rate constants from two germanmm, a mixed site, and two silicon sites, respectively, we get 
ABSTRACT
The relationship between the structural properties of TEOS/Q-NSG and deposition conditions is studied with thermal desorption spectroscopy. The principal thermally desorbed species, except for 02, are divided into two categories: H20-related species and ethoxyl-group-related species. Most part of the H20-related species, such as H20, OH, O and H2, are generated from silanol groups rather than actual water in the oxide. In contrast with O-atom desorption, O2-molecule desorption is not synchronized with H20 desorption. It is likely that desorbed O2 has its origin in ozone included in the source gas. The ethoxyl-group-related species, including OC2H5, OC2H4, C2H~, and C2H4, arise from components that have been incorporated into the oxide atomic network due to the incompleteness of TEOS decomposition. The dependence of thermal desorption spectra on source-gas composition and deposition temperature is described.
Among requirements for interlayer dielectrics for multilevel interconnections of VLSIs and ULSIs, smoothing a high-aspect-ratio surface is crucial from the viewpoint of device reliability. In this respect, silicon dioxide prepared by atmospheric-pressure chemical vapor deposition (APCVD) using tetraethylorthosilicate (TEOS) or tetraethoxysilane, Si(OC2H5)4, and ozone, O3, has become widely recognized in the last few years as one promising interlayer dielectric. 14 The oxide, hereafter referred to as TEOS/O3-NSG (nondoped silicate glass), provides a conformal and even flow-like step-coverage at a deposition temperature as low as 400~ Accordingly, to date, most experimental studies on TEOS/O3-NSG have focused mainly on deposition processes in relation to the morphology of TEOS/O3-NSG.
1-6 Film characteristics also have been investigated in terms of
